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To es tab lish base line val ues for con cen tra tions of ter res trial radionuclides for the Re pub lic of
North Mac e do nia, a sur vey cov er ing the en tire ter ri tory was per formed. The 213 soil sam ples
were col lected from re gions around the ma jor set tle ments and cit ies, ap prox i mately evenly
dis trib uted over the geotectonic units which con sti tute the coun try's geo log i cal foun da tion.
The spe cific ac tiv i ties of radionuclides were mea sured by gamma spec trom e try. The fol low ing
geo met ric mean val ues and geo met ric stan dard de vi a tions were ob tained: 550 Bqkg–1 (1.47)
for 40K, 37 Bqkg–1 (1.53) for 226Ra, 38 Bqkg–1 for 238U, and 38 Bqkg–1 (1.53) for 232Th in dry
soil. The re la tion be tween spe cific ac tiv i ties of nat u ral radionuclides and ge ol ogy was in ves ti -
gated. Cor re la tion be tween radionuclides, which may serve as ad di tional geo chem i cal in di ca -
tors, and ge ol ogy could not be found con vinc ingly. Mu tual cor re la tions be tween 226Ra, 238U,
and 232Th ac tiv i ties were found to be high (Spearman r about 0.8), whereas the ones be tween
these and 40K are a bit lower, some what above r = 0.6.
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IN TRO DUC TION
Nat u rally oc cur ring radionuclides: 40K and
radionuclides from 238U and 232Th chains in soil and
rocks, as well as in the build ing ma te ri als, are the main
sources of ex ter nal ex po sure to hu mans. In ad di tion,
through their trans fer into the food and wa ter, they be -
come po ten tial sources for in ter nal ex po sure through
in ges tion. Fur ther more, the two ra dio ac tive no ble
gases 222Rn and 220Rn, which are mem bers of the 238U
and 232Th de cay chains, which are pres ent in the soil
and build ing ma te ri als, em a nat ing from the sur face
and are ac cu mu lated in the in door en vi ron ment, can be 
sig nif i cant sources of in ter nal ex po sure due to in ha la -
tion.
This has mo ti vated sur veys of ter res trial ra di a -
tion all over the world. Among the pur poses are the
fol low ing:
• es tab lish ing back ground lev els, some times for ev -
i dence pres er va tion; this way, a global ra di a tion
in ven tory is be ing built and quan ti ties be ing
mapped, see e.g. the Eu ro pean At las of Nat u ral
Ra di a tion
(https://remon.jrc.ec.europa.eu/About/At las-of-
Nat u ral-Ra di a tion),
• ra di a tion pro tec tion, in clud ing dose as sess ment,
• re source ex plo ra tion through sur veys of geogenic
radionuclides; the lat ter of the two ac tiv i ties aim to 
dis cover anom a lies, to be de fined against the
back ground, and
• sci en tific ob jec tives, such as an in ves ti ga tion of
re la tions with en vi ron men tal con trol fac tors (e.g.
ge ol ogy), mod el ling of spa tial vari abil ity, etc.  
The global re searches also in clude in ves ti ga tion
of ter res trial ra dio ac tiv ity in dif fer ent ar eas of the Bal -
kan re gion. Some of the re cent stud ies are gen er ally re -
lated to es tab lish ing the back ground: ra dio ac tiv ity in
soil, col lected from the ter ri to ries of: Ser bia [1]; West -
ern Ser bia [2]; Ser bian spas [3, 4]; Kastela Bay,
Croatia [5]; Bosna and Herzegovina [6]; ru ral ar eas of
Kosovo and Metohija [7]; Ad di tional pur poses are to
dis cover anom a lies of geogenic radionuclides in the
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sur round ing of the larg est coal-fired power plant in
Ser bia [8] and at the site of a closed Bul gar ian ura nium
mine [9]. In the Re pub lic of North Mac e do nia, an in -
ten sive cam paign for the ra dio ac tive back ground de -
ter mi na tion be gan in 2008. Some re sults have al ready
been pub lished, such as the geo graph ical vari a tion of
in door ra don and thoron con cen tra tions [10-15], the
re la tion be tween in door ra don and 226Ra in soils [16],
and the ra dio ac tiv ity in raw ma te ri als and end prod uct
from ce ment in dus try [17]. Fur ther more, the spa tial
vari a tions of radionuclides in soils in the area of two
cit ies: Veles [18] and Kavadarci [19] were ex am ined.
In the study pre sented here, the spa tial vari abil ity of
radionuclides over the geotectonic units of North
Mac e do nia in top soil was in ves ti gated. Be sides es tab -
lish ing rep re sen ta tive base line data for North Mac e do -
nia, the main goal of this study was to find the re la tion
be tween the vari abil ity of the radionuclides' spe cific
ac tiv ity and one of geo graph ical po si tion and geo log i -
cal con trol fac tors. 
MA TE RI ALS AND METH ODS
Study area, sam ple col lec tion,
and prep a ra tion
Geo log i cally, the ter ri tory of the Re pub lic of
North Mac e do nia (25,713 km2) in cludes var i ous types 
of vol ca nic, sed i men tary and meta mor phic rocks of
dif fer ent age, gen e sis and min eral con tent. The ter ri -
tory can be di vided into four geotectonic zones: West -
ern zone (WZ), Pelagonijan Mas sif (PM), Vardar zone
(VZ), and Serbo-Mac e do nian Mas sif (SMM) [20].
Be tween the Serbo-Mac e do nian Mas sif and the
Vardar zones an area of young vul can ite is lo cated, de -
noted as Kratovo-Zletovo area (KZA) [21].
A to tal num ber of 213 sam ples of un dis turbed
sur face soil were col lected from the lo ca tions in the vi -
cin ity of the set tle ments and cit ies shown in fig. 1, dur -
ing the pe riod of 2008-2010. Sam pling was per formed 
us ing a steel tool that sam ples ex actly at the depth of
0-20 cm [22]. Most of the stones, peb bles and or ganic
ma te ri als were re moved from the sam ples. The sam -
ples were then dried, sieved and filled into stan dard
Marinelli beak ers of 500 cm3. They were kept air
tightly closed for one month in or der to reach equi lib -
rium be tween 226Ra and its short-lived de cay prod ucts. 
Af ter this pro ce dure, the sam ples were sub jected to
gamma spec trom e try mea sure ments. 
Gamma spec trom e try mea sure ments
The spe cific ac tiv ity of each of the in ves ti gated
radionuclides was mea sured by gamma spec trom e try.
The ac tiv ity of 40K was de ter mined from the 1460 keV
line, whereas the ac tiv ity of 226Ra from the gamma
lines  of  214Pb  (295.22 keV, 351.93keV), 214Bi
(609.31 keV, 1120.29 keV, 1764.49keV); 238U was de -
ter mined from the gamma lines of 234Th (63.28 keV)
and 234mPa (1001.03 keV) and fi nally, the ac tiv ity of
232Th was de ter mined from the gamma lines of 228Ac
(338.32 keV, 911.2 keV, 968.97 keV) and 208Tl
(583.19 keV) [23]. The anal y sis in cluded sub trac tion
of the back ground spec trum, cor rec tion for in ter fer ing
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Fig ure 1. Spa tial dis tri bu tion of sam pling lo ca tions over four geotechnical zones and one area of the
Re pub lic of North Mac e do nia
lines and cor rec tion for self-ab sorp tion. Qual ity as sur -
ance was per formed with two ref er ence ma te ri als from 
the In ter na tional Atomic En ergy Agency, IAEA-385
and PT IAEA-CU-2009-03 pro fi ciency test. Mea sure -
ment times were cho sen such that the to tal rel a tive
com bined un cer tainty for each radionuclide was <5 %, 
at 68 % (1 sigma) con fi dence lev els.
RE SULTS AND DIS CUS SION
Data char ac ter iza tion
De scrip tive sta tis tics of the 40K, 226Ra, 238U, and
232Th spe cific ac tiv i ties in soil sam ples are sum ma -
rized in tab. 1. Kolmogorov-Smirnov dis tri bu tion test
con firmed the hy poth e sis that the sam ples that come
from lognormally dis trib uted pop u la tions, can not be
re jected at 95 % sig nif i cance level, which is also vi su -
ally sug gested by the shapes of the his to grams (fig. 2)
for all the mea sured quan ti ties. Their cen tral ten dency
is rep re sented by the geo met ric mean (GM) value,
while the dis per sion of the re sults is given as geo met -
ric stan dard de vi a tion (GSD).
Spe cific ac tiv i ties of nat u ral radionuclides
ranged from 80 to 1390 Bqkg–1 (GM: 550  Bqkg–1) for
40K, from 9 to 123 Bqkg–1 (GM: 37 Bqkg–1) for 226Ra,
from 9 to 111 Bqkg–1 (GM: 38  Bqkg–1) for 238U and
from 7 to 145 Bqkg–1 (GM: 38  Bqkg–1) for 232Th.
From tab. 1 it is ob vi ous that geo graph ical vari abil ity,
quan ti fied by the geo met ric stan dard de vi a tion, is
quite uni form for all the radionuclides. 
Gen er ally, the GM val ues of the 40K, 226Ra, 238U, 
and 232Th spe cific ac tiv i ties were found to be slightly
higher  in  com par i son  to  the  world wide  me dian  ac -
tiv i ties  of  400  Bqkg–1  for 40K, 35 Bqkg–1 for 226Ra,
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Ta ble 1. De scrip tive sta tis tic of mea sured data
Sta tis tic
A (dry) [Bqkg–1]
40K 226Ra 238U 232Th
Number of ob ser va tions 213 213 213 213
Min i mum 80 9 9 7
Max i mum 1390 123 111 145
Me dian 584 37 39 39
Arith me tic mean 585 41 41 41
Stan dard de vi a tion 192 18 17 18
Geo met ric mean 550 37 38 38
Geo met ric stan dard de vi a tion 1.47 1.53 1.53 1.54
Fig ure 2. His to grams of the 40K, 226Ra, 238U,  and 232Th spe cific ac tiv i ties
35 Bqkg–1 for 238U and 30 Bqkg–1 for 232Th, given in
UNSCEAR re port [24]. They fall well in the ranges of
the mean val ues re ported for East and South Eu ro pean
coun tries in the same re port.
Spe cific ac tiv i ties spa tial vari a tion
Fig ure 3 pres ents the spa tial dis tri bu tion of mea -
sured spe cific ac tiv i ties for each radionuclide sep a -
rately. The maps have been pre pared by or di nary
kriging based on variograms us ing Surfer 8 soft ware.
There are many pub lished sci en tific pa pers from en vi -
ron men tal sci ence and radioecology in par tic u lar,
which have in tro duced and dis cussed these meth ods.
As a few ex am ples among many oth ers, most orig i nat -
ing in ra don stud ies, we cite [16, 25-27] for the ap pli -
ca tion of or di nary kriging and vari ants. In [16, 28-30],
dif fer ent in ter po la tion meth ods, in clud ing kriging,
have been com pared. Pasztor et al., used re gres sion
kriging for ac count ing for covariates [31], while in
[16] this has been at tempted by es tab lish ing a bivariate 
dis tri bu tion model. Raspa et al., used dis junc tive
kriging for es ti mat ing lo cal exceedance prob a bil ity
[32]. Spa tial means are taken from the grid sta tis tics
and leave-one-out cross-val i da tion cor re la tions be -
tween ob served and es ti mated con cen tra tions can be
found in tab. 2.
Com par i son with tab. 1 shows that raw and mod -
elled means are very sim i lar. Raw means (tab. 1) may
con tain a bias be cause sam ples have not been taken spa -
tially ran domly or ac cord ing to a grid, thus a pref er en -
tial sam pling ef fect may be pres ent. On the other hand,
the mod elled means may be in flu enced by mod el ling
er rors (e. g., the variograms are built from the raw val -
ues and the fit ted variogram mod els have un cer tainty).
Re gard ing cross-val i da tion cor re la tions, ac cord ing to
Co hen's rule of thumb, r > 0.3 can be con sid ered me -
dium, r > 0.5 large ef fects [33, 34]. 
It is ob vi ous and no sur prise, by what is known
from geo chem is try, that the spe cific ac tiv i ties of nat u -
ral radionuclides are di rectly re lated to the geotectonic
di vi sion of the coun try. The lower val ues were found
along the cen tral part of the ter ri tory (di rec tion south
of the north) which be longs to the Geotectonic Vardar
zone, while the higher val ues were mostly found in the
Pelagonia and Krusevsko Zletovska area.
Re la tions of spe cific ac tiv i ties
with ge ol ogy
Geo log i cal in for ma tion was as so ci ated with
each sam pling lo ca tion to in ves ti gate to which de gree
radionuclide con cen tra tions are con trolled by ge ol -
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Fig ure 3. The maps of 40K, 226Ra, 238U, and 232Th spe cific ac tiv i ties
Ta ble 2. Spa tial means of radionuclide con cen tra tions
(Bqkg–1 per dry) and cross-val i da tion cor re la tion co ef fi cients
Radionuclide AM Me dian XVal Pearson r
40K 590 593 0.42
226Ra 40.8 39.8 0.61
238U 42.3 41.7 0.55
232Th 41.7 39.7 0.66
ogy. Con sid er ing that the level of ac tiv i ties are re lated
to the radionuclides con tents in the rock from which
soil orig i nated and to the geo log i cal com po si tion of
each lithologically spe cific area, we clas si fied our data 
ac cord ing to geotectonic units of rock gen e sis and
lithostratigraphy. The cor re spond ing re sults are given
in tabs. 3 and 4, and fig. 4.
Kruskal-Wallis (KW) and Mann-Whit ney
(MW) tests dem on strated that vari a tions be tween geo -
log i cal clas si fi ca tion for nat u ral radionuclides were
sig nif i cant at a sig nif i cance level of 95 %, (p < 0.05).
The re sults of spe cific ac tiv i ties per re gion, given in
tab. 3, form two groups for 40K iso tope and three
groups for 226Ra, 238U, and 232Th. The fol low ing sig -
nif i cant dif fer ences be tween grouped spe cific ac tiv i -
ties were ob tained: 
 40K: VZ < KZA, PE, SMM, WMM
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Ta ble 3. Range, GM, and GSD of mea sured spe cific ac tiv i ties in geotectonical units
Geotectonical 
units N
40K [Bqkg–1] 226Ra [Bqkg–1] 238U [Bqkg–1] 232Th [Bqkg–1]
Range GM(GSD) Range GM(GSD) Range GM(GSD) Range GM(GSD)
KZA 8 378-783 639(1.25) 36-101 58(1.36) 43-79 56(1.21) 40-67 52(1.18)
PE 36 193-959 622(1.34) 36-123 55(1.35) 22-111 52(1.41) 35-145 56(1.40)
SMM 25 348-1390 627(1.41) 23-99 40(1.43) 24-108 43(1.46) 23-83 40(1.47)
VZ 90 80-1089 463(1.51) 9-87 29(1.47) 9-82 30(1.48) 7-79 30(1.52)
WMM 54 186-974 621(1.37) 18-86 39(1.38) 15-72 41(1.42) 17-69 40(1.36)
Fig ure 4. The GM val ues of 40K, 226Ra, 238U, and 232Th spe -
cific ac tiv i ties mea sured in the soils of sed i men tary (S),
methamorfic (M), and vol ca nic or i gin (V)
Ta ble 4. Range, GM, and GSD of mea sured spe cific ac tiv i ties in lithostratigraphic units
Lithostratigraphic units N
40K [Bqkg–1] 226Ra [Bqkg–1] 238U [Bqkg–1] 232Th [Bqkg–1]
Range GM(GSD) Range GM(GSD) Range GM(GSD) Range GM(GSD)
Al lu vium 63 80-974 549(1.55) 9-99 35(1.59) 9-108 36(1.65) 77-88 36(1.66)
Clay, sand, and grav el 26 186-1071 512(1.44) 20-55 37(1.33) 16-59 36(1.35) 22-68 35(1.33)
Congl., marble and clay 6 278-695 478(1.53) 19-38 28(1.32) 18-61 37(1.49) 17-54 33(1.65)
Congl., sand, marble, and clay 9 295-604 407(1.31) 18-38 24(1.27) 18-42 28(1.33) 9-33 25(1.49)
Diluvium-proluvium 26 400-1089 574(1.25) 18-106 36(1.51) 16-76 37(1.44) 17-64 37(1.40)
Mar ble and lime stone 4 646-735 692(1.05) 36-42 39(1.07) 29-62 39(1.39) 33-53 45(1.23)
Mar ble and gneiss 5 193-959 519(1.95) 28-90 47(1.62) 22-86 42(1.69) 37-104 59(1.56)
Marble, sand, and clay 3 430-567 493(1.15) 23-26 24(1.07) 21-26 23(1.13) 25-31 28(1.12)
Phyllite 4 509-860 737(1.28) 21-86 42(1.78) 31-64 41(1.37) 24-79 40(1.66)
Philite and shists 8 359-965 600(1.47) 31-52 38(1.23) 42-62 50(1.16) 32-64 46(1.23)
Sand stone, clay, and marble 4 418-596 492(1.17) 17-33 26(1.35) 21-34 28(1.25) 20-32 27(1.23)
Gneiss 9 475-833 603(1.23) 35-73 47(1.29) 36-74 47(1.31) 27-79 41(1.66)
Gran it 2 738-899 815(1.15) 58-72 65(1.17) 54-83 67(1.36) 54-78 65(1.66)
Granodiorit 4 508-850 739(1.28) 55-75 66(1.15) 59-64 61(1.04) 41-66 51(1.66)
Ignimbrite 5 626-828 718(1.13) 43-87 61(1.29) 52-82 62(1.19) 51-67 58(1.66)
Lime stone 7 297-804 573(1.40) 20-60 33(1.51) 21-56 38(1.40) 23-56 36(1.66)
Mar ble 6 119-680 348(1.90) 18-47 31(1.37) 15-30 25(1.30) 23-34 30(1.66)
Quartzit 2 580-716 644(1.16) 37-42 39(1.09) 43-47 45(1.06) 37-38 37(1.66)
Rhyolit 2 845-1390 1084(1.42) 46-66 55(1.29) 60-69 64(1.10) 56-82 68(1.66)
Schist 5 372-626 483(1.21) 22-30 26(1.14) 19-52 30(1.49) 23-34 26(1.66)
Tuffite of an de site 8 378-808 605(1.30) 36-123 69(1.47) 43-111 62(1.39) 40-145 68(1.56)
Yel low sand stone 5 272-685 461(1.39) 34-42 36(1.09) 22-43 32(1.30) 22-42 32(1.27)
226Ra: VZ < SMM,WMM < KZA, PE
238U: VZ < SMM,WMM < KZA, PE
232Th: VZ < SMM,WMM < KZA, PE.
The GM for 40K ranged from 463 Bqkg–1 in
Vardar Zone up to 639 Bqkg–1 in Kratovsko Zletavska
area. The GM for 226Ra ranged from 29 Bqkg–1 in
Vardar Zone to 58 Bqkg–1 in Kratovsko Zletavska
area. The GM for 232Th ranged from 30 Bqkg–1 in
Vardar Zone to 56 Bqkg–1 in Pelagonia. 
Fig ure 4 dem on strates higher radionuclide ac tiv -
i ties in soil with vol ca nic (V) or i gin in com par i son to
the soils of sed i men tary (S), and meta mor phic (M) or i -
gin. The cor re spond ing GM val ues for spe cific ac tiv i -
ties in soil with meta mor phic, sed i men tary, and vol ca -
nic or i gin were found to be: 553 Bqkg–1, 529 Bqkg–1
and 712 Bqkg–1 for 40K; 38 Bqkg–1, 34 Bqkg–1, and 65
Bqkg–1 for 226Ra; 40 Bqkg–1, 35 Bqkg–1, and 63
Bqkg–1 for 238U; 40 Bqkg–1, 35 Bqkg–1, and 62 Bqkg–1
for 232Th, re spec tively. 
The anal y sis of the re sults grouped by
lithostratigraphic units, tab. 4, re vealed the in flu ence
on the vari a tion of the ac tiv i ties, but on the other hand,
clear group ing was not achieved as in the pre vi ous two
cases, mean ing that some of the val ues in di cated be -
long ing to both groups. Gen er ally, the spe cific ac tiv i -
ties can be sorted as fol lows:
40K: Con glom er ates, sand stones, marls and clay <
mar ble and lime stone; ignimbrite; phyllite;
granodiorites; gran ites < rhyolites,
226Ra:   Marls, sand and clay; con glom er ates, sand -
stones, marls and clay; schist; sand stones, clay
and marls; con glom er ates, marls and clay; mar -
bles< ignimbrite < tuff of an de site; gran ites;
granodiorites.
238U:  Marls, sand and clay; mar bles; sand stones, clay
and marls; con glom er ates, sand stones, marls and
clay < phyllite and schist < tuff of an de site;
ignimbrite; gran ites; granodiorites; rhyolites.
232Th:     schist < phyllite and schist; granodiorites; mar -
bles and gneiss es < tuff of an de site; ignimbrite;
gran ites; rhyolites.
Radionuclides co-oc cur rence
To draw con clu sions about the co-oc cur rence of
the radionuclides among all sam pling lo ca tions, the
cor re la tion be tween 40K, 137Cs, 226Ra, 238U, and 232Th
spe cific ac tiv i ties were ana lysed against each other at
95 % sig nif i cance level. The Spearman co ef fi cients of
cor re la tion (r), used as a mea sure of the strength of as -
so ci a tion are given in tab. 5.
Pos i tive cor re la tions be tween all nat u ral
radionuclides with dif fer ent lev els of as so ci a tion were
ob tained , tab. 5. The r val ues re fer ring to the cor re la -
tions be tween 226Ra, 238U, 232Th were very sim i lar.
Con sid er ing that 238U and 232Th chains com monly oc -
cur to gether in the en vi ron ment, these re sults are ex -
pected. How ever, cor re la tion co ef fi cients with 40K are
some what lower, in di cat ing the pos si bil ity of its dif -
fer ent be hav iour in soil com pared to other nat u ral
radionuclides.
For com par i son, sig nif i cant pos i tive cor re la -
tions with the dif fer ent level of re la tions be tween
226Ra, 238U,  and 232Th spe cific ac tiv i ties were also re -
ported for soils col lected in the Cen tral Span ish Pyr e -
nees [35]. In the same study the cor re la tions be tween
40K and 226Ra, 232Th were stron ger than the cor re la -
tions be tween 226Ra, 238U, 232Th. On the other hand, in
Slovenian soils, mod er ate pos i tive cor re la tions were
ob served be tween 232Th and 226Ra (r = 0.51) and be -
tween 232Th and 40K (r = 0.56), and a weak pos i tive
cor re la tion be tween 226Ra and 40K (r = 0.30) [36]. In
the soil of Kumaun Himalaya, In dia, pos i tive cor re la -
tions were ob served be tween 40K and 226Ra (r = 0.6),
40K and 232Th (r = 0.7), 226Ra and 232Th (0.7) [37]. 
Gen er ally, dif fer ent lev els of cor re la tion are due
to dif fer ent chem i cal and phys i cal prop er ties of the el -
e ments but, also af fected by the dif fer ences in their
mo bil ity and trans fer be tween en vi ron men tal
compartments. Many other au thors have come to this
con clu sion by ex am in ing the spe cific ac tiv i ties of
radionuclides in dif fer ent soils with dif fer ent char ac -
ter is tics. For ex am ple, the dif fer ent con tents of clay
and sand, in soil sam ples, to gether with mi cro-cracks,
frac tures and mo bil ity char ac ter is tic of the
radionuclides in a geo log i cal me dium, also con trib ute
to the dif fer ence in the cor re la tion co ef fi cients [37].
An other way of char ac ter iz ing co-oc cur rence of
dif fer ent radionuclides on the same lo ca tion re lies on
the ra tios of spe cific ac tiv i ties. The dis tri bu tion of the
ra tio val ues in a par tic u lar re gion can give in di ca tions
of the ex is tence of en rich ment or de ple tion of a par tic -
u lar ra dio iso tope. The ba sic sta tis tic for the ra tios:
238U/226Ra, 232Th/226Ra, 40K/226Ra, and 40K /232Th is
pre sented in tab. 6.
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Ta ble 5. Cor re la tion ma trix be tween the spe cific
 ac tiv i ties of 40K, 226Ra, 238U, and 232Th 
Vari ables 40K 226Ra 238U 232Th
40K 1.00 0.63 0.61 0.65
226Ra 0.63 1.00 0.77 0.80
238U 0.61 0.77 1.00 0.81
232Th 0.65 0.80 0.81 1.00
All val ues sig nif i cant at sig nif i cance level: α = 0.05
Ta ble 6. Min i mum, max i mum, GM and GSD of spe cific
ac tiv ity ra tios in soil sam ples
Ra tio N Min Max GM GSD
238U/226Ra 213 0.42 2.16 1.02 1.29
232Th/226Ra 213 0.39 1.88 1.02 1.29
40K/226Ra 213 4.25 36.30 14.79 1.44
40K/232Th 213 3.86 42.29 14.55 1.41
The re sults in tab. 6 show that the ra tio of 238U
and 232Th to 226Ra is close to unity. The 238U/226Ra is
ex pected to be 1, be cause both radionuclides are part
of the same 238U chain of de cay. De vi a tions from unity
may be ex plained (1) by mea sure ment un cer tainty and
(2) by true de vi a tion from equi lib rium ow ing to en vi -
ron men tal frac tion ation pro cesses, in par tic u lar, due to 
a dif fer ent sol u bil ity of U and Ra. The mean value of
238U/226Ra in this work is sim i lar to the mean value of
0.95 ob tained in a sur vey in North ern In dia [38]. On
the other hand, it is higher than re ported for Cen tral
Span ish Pyr e nees soils, 238U/226Ra = 0.55 [35].
The same ra tio was ob tained for 232Th/226Ra,
which in di cates that in the ex am ined soils, the
radionuclides from the two chains are roughly equal in
their con tri bu tion. Be cause of this, the ra tios of 226Ra
and 232Th to 40K were also sim i lar. On the other hand,
the in ter vals of the ra tios in di cated that, at cer tain lo ca -
tions, a dis tur bance of the equi lib rium ex ists. On a
global scale, crust abun dance of Th is higher than the
one of U. The  40K/226Ra ob tained in this study ranged
from 4.25 to 36.3 with a geo met ric mean value of 14.8.
These re sults are higher than those for soils col lected
in In dia, which var ied from 3.4 to 10.15 with a mean
value of 6.61 [38].
In or der to in ves ti gate the re la tion of the ra tios
with ge ol ogy, anal y sis of vari ance of the ra tios in re la -
tion to the geotectonic units, ge netic clas si fi ca tion and
lithostratigraphy were car ried out. The anal y sis
showed that only the ra tios of 226Ra and 232Th to 40K
were dif fer ent among the geotectonic units. The ob -
tained GM's for 40K/226Ra and 40K/232Th were found to 
be lower in KZA and PE than in the other geotectonic
units. Also, the same was ob tained for the ge netic clas -
si fi ca tion: in the soils of vol ca nic or i gin the ra tio was
lower in com par i son to the soils of sed i men tary and
methamorphic or i gin. If lithostratigraphy is con sid -
ered, 40K/226Ra was sig nif i cantly clas si fied, but no dis -
tinct groups can be iden ti fied. The lat ter means, ei ther,
that a soil clas si fi ca tion ac cord ing to the geo log i cal pa -
ram e ters is in suf fi cient for un der stand ing co-oc cur -
rence pro cess of the in ves ti gated radionuclides, or that
the num ber of sam ples is not suf fi cient for the anal y sis. 
In or der to solve this, fur ther in ves ti ga tions of
radionuclide vari a tions re lated to the soil phys i cal and
chem i cal prop er ties, are needed. 
CON CLU SIONS
The re sults of the sur vey of 40K, 226Ra, 238U, and
232Th spe cific ac tiv i ties in sur face soils, from 213 sam -
pling sites in the Re pub lic of North Macedona and
their re la tion to geo log i cal for ma tions, are pre sented.
The val ues of the mea sured spe cific ac tiv i ties of
40K, 226Ra, 238U, and 232Th were found to be in the
ranges of the val ues re ported for East and South Eu ro -
pean coun tries in the UNSCEAR, 2000 re port. The re -
sults add to better knowl edge of the ra dio log i cal base -
line of North Mac e do nia, which is the pri mary pur pose 
of the study, but also con trib ute to the global geo chem -
i cal da ta base.
The re sults were used to map the spe cific ac tiv i -
ties for each radionuclide sep a rately, in or der to al lo -
cate the re gions with el e vated back ground val ues. 
Higher lev els of  40K, 226Ra, 238U,  and 232Th ac -
tiv ity con cen tra tion were as so ci ated mainly with vol -
ca nic ge ol ogy in both, the Pelagonia and Kratovsko
Zletovska ar eas.
Strong pos i tive cor re la tion was ev i dent be tween
238U and 232Th (r = 0.81), 238U and 226Ra (r = 0.77),
232Th and 226Ra (r = 0.80), good cor re la tions: for the
238U and 40K (r = 0.61), 232Th and 40K (r = 0.65), 40K
and 226Ra (r = 0.63).
This study in di cates the need of fur ther in ves ti -
ga tion which should in clude phys i cal and chem i cal
prop er ties of the soils that may in flu ence
radionuclides mi gra tion and ac cu mu la tion in the soil.
In or der de cide about clas si fi ca tion power of
lithostratigraphy, more sam ples should be avail able
for a num ber of units. In cer tain geo log i cal ar eas with
el e vated ra dio met ric in di ca tors (geo chem i cal con cen -
tra tion, dose rate), or where geo log i cal knowl edge
sug gests so, one may con sider un der tak ing finer sam -
pling in or der to de tect pos si ble ra di a tion anom a lies. 
AU THORS' CON TRI BU TIONS
The manu script was writ ten by Z. Stojanovska
with con tri bu tion of all the au thors. The fig ures were
pre pared by Z. Stojanovska and P. Bossew. The sur vey 
was or ga nized by Z. Stojanovska and M. Ristova, soil
sam pling and gamma spec trom e try anal y sis were car -
ried out by Z. Stojanovska. Ex pla na tion of ge ol ogy
was car ried out by B. Boev, G. Dimov and I. Boev. In
re sults dis cus sion and re view of the manu script all au -
thors were in volved.
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ANALIZA  VARIJACIJA  SPECIFI^NE  AKTIVNOSTI 
RADIONUKLIDA  U ZEMQI  U  GEOTEKTONSKIM  JEDINICAMA
REPUBLIKE  SEVERNE  MAKEDONIJE
Na ~itavoj teritoriji Republike Severne Makdonije izvr{eno je istra`ivawe sa ciqem
utvr|ivawa osnovnih vrednosti koncentracija terestrijalnih radionuklida. Prikupqeno je 213
uzoraka zemqi{ta sa podru~ja u okolini glavnih naseqa i gradova, ravnomerno raspore|enih po
geotektonskim jedinicama koje ~ine geolo{ku osnovu zemqe. Specifi~ne aktivnosti ra dio-
nuklida u suvim uzorcima zemqi{ta merene su gama spektrometrijom. Dobijene su slede}e geo-
metrijske sredwe vrednosti i geometrijske standardne devijacije: 550 Bqkg–1 (1.47) za 40K, 37 Bqkg–1
(1.53) za 226Ra, 38 Bqkg–1 za 238U, i 38 Bqkg–1 (1.53) za 232Th u suvoj zemqi. Ispitivana je veza izme|u
specifi~nih aktivnosti prirodnih radionuklida i geologije. Korelacija izme|u radionuklida i
geologije, koja mo`e slu`iti kao dodatni geohemijski indikator, nije bila ubedqiva. Utvr|ene su
me|usobne korelacije izme|u 226Ra, 238U i 232Th aktivnosti (Spearman r oko 0.8), dok su one izme|u
wih i 40K malo ni`e, r = 0.6.
Kqu~ne re~i: 40K, 226Ra, 238U, 232Th, gama spektrometrija, zemqa, geologija, litostratigrafska
.................. .......jedinica
